The electrical properties of two types of imidic polymers, i.e. copolymaleimides containing azobenzene groups and epiclon-based polyimides with their corresponding poly(amic acid)s, have been investigated. The dielectric constant and electrical conductance were experimentally measured over the 1-100 KHz frequency range. Also, the dielectric constants for all samples were determined from the experimentally and theoretically evaluated refractive indices at optical frequencies, when Maxwell's relationship can be applied. From the currentvoltage characteristic I(U), electrical resistance can be determined, providing information on the relationship between the nature of the material and its electric properties. The obtained values show that epiclon-based polyimides and copolymaleimides present higher electrical resistivity than the poly(amic acid)s. The dissipation factor was evaluated, revealing low energy loss under the form of heat in the studied dielectrics. These results show that these polymeric materials are good insulators, which recommends them for microelectronic applications.
Introduction
Organic polymeric materials have become of interest to microelectronics industry as insulators in complex devices, owing to their properties. In designing and manufacturing of printed circuits, a variety of electrical properties are involved. As the demand for operation at higher frequencies increases, materials with improved dielectric constant and loss characteristic are required. Base materials with low loss and low dielectric constant are desired for high-speed, high-frequency circuits. Materials with relatively low dielectric constants provide effective electrical barrier properties, and this behaviour has led them to be referred as "dielectrics". A lower dielectric constant indicates that the respective material is suitable for protection and insulation in microelectronics.
Polyimides have received most attention, for being used as interlevel dielectric layers in the fabrication of semiconductor chips and multichip packaging structures [1] [2] [3] [4] . The reasons for their success in electronics field are their excellent thermal, mechanical, and electrical properties, associated with their ease of application, good adhesion and a comparatively low dielectric constant [5] [6] . However, there are some factors that determine their applicability in this field, such as their chemical composition, surface tension, interfacial free energy, hydrophobic-hydrophilic balance or adhesion of the polyimide films to different inorganic interfaces. A dielectric polymeric layer in a device is generally interfaced to itself, as well as to a number of different materials, such as silicon, silicon nitride, silicon oxide, aluminium, cooper, chromium, tungsten, ceramic, and so on.
The literature in this field presents different polyimides in which the combination of imide units, aromatic rings, asymmetrical structure and flexible bonds, such as, epiclon moieties into the same macromolecule would develop new synthetic polymers with expected properties for microelectronic applications [7] [8] [9] . Another special class of imidic polymers, which have also found use in electronics, as thermally-stable photoresists in lithography or image-marking processes [10, 11] is represented by copolymaleimides. They are characterized by good stability and high transition temperatures, due to the polar five-membered imide ring structure [12, 13] . Tractability, high thermal stability, high durability, good water resistance, fire and radiation resistance are their other important properties [14] [15] [16] [17] [18] [19] [20] .
In previous papers, the conformational characterization [21] , hydrophobicity/ hydrophilicity balance, surface free energy [22] and theoretical values of dielectric constants were studied over the optical frequency range [23] for new epiclon-based polyimides, when compared to their corresponding poly(amic acid)s, and some functional copolymaleimides. The objective of this paper is to evaluate the effect of the chemical structure on the electrical properties of these compounds.
Results and discussion

Dielectric properties of materials
Generally, the literature shows that the dielectric constant decreases gradually with increasing frequency [24] . This variation is attributed to the frequency dependence on the polarization mechanisms which include the dielectric constant. The magnitude of the dielectric constant is dependent on the ability of the polarizable units in a polymer to orient fast enough to keep up with the oscillations of an alternating electric field. At optical frequencies (VIS) (approx. 10 14 Hz), only the lowest mass species, the electrons, are efficiently polarized. At lower frequencies, the atomic polarization of nuclei, which move more slowly, also, contribute to the dielectric constant. The contribution of each polarization mode to the dielectric constant is expressed in Eq.
(1):
where is the dielectric constant corresponding to the electronic polarization at optical frequencies (10
is the dielectric constant corresponding to the atomic polarization at lower frequencies (10
is the dielectric constant corresponding to the dipolar polarization occurring at microwave (10 9 Hz).
In solid state, the alignment of permanent dipoles requires considerably more time than electronic or atomic polarization, which occurs at microwave (MW) (10 9 Hz) or at lower frequencies.
Dielectric constant at optical frequency
The frequency dependence of the dielectric constant at optical frequency and at lower frequencies is investigated for the PAA, PI and PMI samples. At optical frequencies, when only electronic polarization occurs, the dielectric constants, electronic ε , of the poly(amic acid)s, polyimides and maleimide copolymers were determined using Maxwell's relationship, which implies knowledge of the refractive indices of the studied samples, according to Eq. (2):
Here, represents the refractive index of the polymers. n Tab. 1. and increments of various substructures [27, 28, 30, 31] . The refractive indices were determined by Eq. (3), according to the Lorenz-Lorentz approximation [25, 26] .
Here, and are the molar volume and molar refraction, respectively and they are theoretically calculated considering that the functional groups of repeating units are additive functions of composition, using Eqs. (4) and (5) [27] [28] [29] .
where and represent the group contributions, and a i V i R i is the number of groups "i" in the repeating unit.
The contributions ( and ) of various groups were taken from the literature [27, 28, 30, 31] as shown in Table 1 and then and were calculated as listed in Table 2 . The experimental values of the refractive index for these polymers differ slightly from those calculated with the Lorenz-Lorentz equation (Table 3) . Moreover, the refractive index values of all the samples fall in the domains of refractive index corresponding to transparent materials, which is a useful property in certain electronic applications [32] . Thus, one of the extremely important roles in polyimide materials applications is the control of balance between the refractive index and, implicitly, the optical dielectric constant of the substructures for obtaining the desired properties. For multiple applications, knowledge of these properties prior to the preparation process is necessary.
One can see that the dielectric constants obtained for partial aliphatic epiclon-based polyimides, poly(amic acid)s and functional copolymaleimides are low, reflecting the influence of the different binding structures. Increase of the methylenic groups or the presence of ether -O-linkages in the chemical structure of poly(amic acid)s and polyimides does not modify significantly the dielectric constants. Also, it is observed that the nitrogen atom from the highly conjugated radical R from PMI2, comparatively with the R group from PMI1, might lead to a slight increase of the resulting dielectric constant values. The dielectric constant dependence on angular frequency ω in optical and microwave domains for both poly(amic acid)s and polymers with imidic structures, is shown in Figures 1 and 2 . Table 4 , and last point corresponds to the optical dielectric constants from Table 3 .
Dielectric constant and electrical conductance in the1-100 KHz frequency range
It is seen from these figures that the dielectric constant decreases with increasing frequency, which can be attributed to the frequency dependence of the polarization mechanisms. When frequency increases, the orientational polarization decrease, since the orientation of the dipole moments needs a longer time than in the case of electronic polarization, causing a decrease of the dielectric constant. The increase of the dielectric constant towards the low frequency region, when atomic and electronic polarizations are insignificant [3] , is also illustrated in the figures. Table  4 , and last point corresponds to the optical dielectric constants from Table 3 .
Another factor affecting the dielectric behaviour of a material is its chemical structure, which influences charge distribution and motion of dipoles. Introduction of different Ar structures and R groups in epiclon-based polymers and copolymaleimides backbone, respectively, determines variation of the free volume by changing of the polarizable group number per unit volume, which leads to the modification of polymer densities and, implicitly, of the dielectric constants. Thus, according to literature data [33] [34] [35] , a higher free volume determines a lower dielectric constant.
In order to investigate how easily electricity flows along a certain path through the studied polymers, the dependences between electrical conductance, G, and electrical tension were also studied, for all samples over the 1 -100 KHz frequency domain. One can observe from Table 5 that electrical conductance, G, have values in the range of 10 -8 -10 -9 Sm, indicating that the investigated polymers appear as dielectrics.
Frequency dependence of the dielectric loss
In order to evaluate the rate of power loss in the form of heat, the dissipation factor ( δ tan ) was calculated as follows:
where ω is angular frequency. Figures 3 and 4 show the angular frequency dependence of the dielectric loss for the studied samples, over the 1 -100 KHz domain. From these plots, the following observations can be made. The introduction of different diamines, which contain methylenic groups or ether linkages in the vicinity of phenilenic units, increases the free volume due to loosened molecular packing and modifies the flexibility of the chains, determining differences between δ tan as an additive effect. The methylenic groups from PAA2, PAA3 and PI2, PI3 lower the density of the chain, decreasing δ tan values when compared to PAA1 and PI1 samples, respectively. The diamine structure from PAA4 sample lead to lower or insignificant difference comparatively to PAA1 sample, depending on the applied frequency. Secondly the dielectric losses of PI1, PI2 and PI3 samples with partial aliphatic structures, based on an aliphatic dianhydride, namely 5-(2,5-dioxotetrahydrofurfuryl)-3-methyl-3-cyclohexenyl-1,2-dicarboxylic acid anhydride (epiclon), employed in our study present easily higher values comparatively to the conventional polyimides with aromatic structures from literature data [24] . Moreover, the higher polarity of poly(amic acid) structures determines lower values of the dielectric loss comparatively to polyimides. It was also observed that the dielectric loss increases as logarithm of angular frequency increase and reaches a maximum at 4.5 -4.8 (which correspond to the frequency of 5 -10 KHz), and thereafter decreases for all studied samples. Literature [24] shows a similar behaviour for conventional aromatic polyimides at 21 °C, where the maximum value of dielectric loss is of 0.018 for approx. 20 KHz. The maximum of δ tan can be associated with the onset of cooperative mobility of chain segments [36] . The higher values of δ tan in our samples when compared to literature data for conventional polyimides [24] are indicative of higher conversion of electrical energy to heat and, thus, signify higher overall power loss in the dielectric.
Electrical resistivity
A low resistivity indicates a material that readily allows movement of the electrical charge. A classical example of a good dielectric is represented by glass, where The values obtained for the studied samples (Table 5) show that epiclon-based polyimides present a higher resistivity compared to their corresponding poly(amic acid)s. These results reveal that the studied polyimide materials, possessing partial aliphatic structures, are good insulators as well as conventional polyimide materials recommended in microelectronics, showing values close to glass.
Experimental part
Materials
Partial aliphatic polyimides were prepared from poly(amic acid)s precursors through polycondensation in solution of equimolar amounts of 5-(2,5-dioxotetrahydrofurfuryl)-
3-methyl-3-cyclohexenyl-1,2-dicarboxylic acid anhydride (epiclon), with four different diamines: 1,4-benzene diamine (1), 4,4'-methylenedianiline (2), 4,4'-ethylenedianiline (3), 1,4-bis(p-aminophenoxy)benzene (4) , in N-methylpyrrolidinone (NMP) as solvent, under inert atmosphere. The concentration of the reaction mixture was adjusted to 12-15 % total solids. The first step of this reaction, performed at room temperature, led to poly(amic acid)s. In the second step, the polymer solution was heated at 180-190 ºC to perform cyclodehydration of the poly(amic acid) (PAA) to the corresponding polyimide structure (PI) [37] . Copolymaleimides (PMI) have been synthesised by radical polymerization of N-(4-formyl-fenoxy-4'-carboylphenyl)maleimide with styrene (PMI1), followed by a chemical modification reaction with p-aminoazobenzene (PMI2) [38] . The investigated structures are presented in Scheme 1.
Measurements
The number average molecular weights, M n , for polyimides and copolymaleimides (Table 2) were determined by gel permeation chromatography (GPC) measurements in N,N-dimethylformamide (DMF), on a PL EMD-950 evaporative light scattering detector apparatus [21] . Considering that the polymerization degrees of the poly(amic acid)s and of the corresponding polyimides are identical, the number-average molecular weight, M n , of the poly(amic acid)s was determined from the polymerization degree of the polyimides (M /m n PI ) and molecular weights of the structural units of poly(amic acid)s, m PAA , as shown in Table 2 .
The capacitances and I-U characteristics, from which the dielectric constants and electrical resistivities were determined, respectively, and electrical conductances were experimentally measured at room temperature with a AGILENT 42633 LCR METER apparatus. The 0.3-0.5 mm thick tablets were put in contact with a capacitor and the following frequencies were applied during the analysis: 1 kHz, 10 kHz and 100 kHz.
